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ABSTRACT 



Context. Some well-studied Herbig Haro objects have associated with them one or more cold, dense, and quiescent clumps of gas. We propose 
that such clumps near an HH object can be used as a general measure of dumpiness in the molecular cloud that contains that HH object. 
Aims. Our aim is to make a survey of clumps around a sample of HH objects, and to use the results to make an estimate of the dumpiness in 
molecular clouds. 

Methods. All known cold, dense, and quiescent clumps near HH objects are anomalously strong HCO + emitters. Our method is, therefore, 
to search for strong HCO + emission as an indicator of a clump near to an HH object. The searches were made using JCMT (for Northern 
hemisphere objects) and SEST (for Southern hemisphere objects) in the HCO + (3-2) and also (for SEST observations) H 13 CO + (1-0) lines, 
with some additional searches for methanol and sulphur monoxide lines. The sources selected were a sample of 22 HH objects in which no 
previous HCO + emission had been detected. 

Results. We find that half of the HH objects have clumps detected in the HCO + (3-2) line and that all searches in H 13 CO + 1-0 lines show 
evidence of dumpiness. All condensations have narrow linewidths and are evidently unaffected dynamically by the HH jet shock. 
Conclusions. We conclude that the molecular clouds in which these HH objects are found must be highly heterogeneous on scales of less than 
0.1 pc. An approximate calculation based on these results suggests that the area filling factor of clumps affected by HH objects is on the order 
of 10%. These clumps have gas number densities of i 3 x 10 4 cm" 2 . 

Key words. ISM: abundances — ISM: clouds — ISM: molecules — Radio lines: ISM — Stars: formation 



1. Introduction 

The clumpy structure of molecular clouds is an important phe- 
nomenon that is related both to interstellar dynamics and to 
the formation of low mass stars occurring within these clouds. 
However, dumpiness is generally unresolved by single-dish 
telescopes and can be st be detected by interferom e tric observa- 



tions such as those of Morata, Girart, & Estalella (2003, 2005) 



in their studies of a portion of the dark cloud L673 in three 
molecular lines. Morata et al. showed that there were clear 
morphological differences for each molecular line observed. 
In high angular reso lution single dish observations of TMC-1 
Core D in C2S lines. iPeng et al.l dl998) also found that clumps 
were abundant in the region observed, and were resolved with 
sizes less than one-tenth of a parsec. Both sets of observations 
impli ed that the clumps were transient. 

Garro d et al. I (l2006l) adopted the impl cations of the Morata 



et al. (2005) observations of dumpiness in a chemical model 
of a molecular cloud that was regarded as an ensemble of tran- 
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sient clumps, randomly situated in both space and time. The 
chemistry was followed in a time-dependent way. These au- 
thors showed that this cloud model is able to account in a nat- 
ural way (based on the time-dependence of the chemistry) for 
the observed characteristic structures and morphological differ- 
ences between different species at both low and high angular 
resolution. 

In the present paper, we present an alternative observa- 
tional approach to the study of dumpiness within molec- 
ular clouds. This approach relies on the observational re- 
sult that some Herbig-Haro objects are found to have asso- 
ciated with them small dense condensations of gas first ob- 
served in enhanced emission in lines of HCO + and NH3, 



e.g.: HH 1/2 ( Torrelles et al 



HH 7-11 (Rudolph & Welch, 



1992; 



1988 



Girart et al. 



Dent et ail 



(Rudolph & Welch, 119921) : NGC 2264G dGirart et al 



20021120051) : 
1993b; HH 3 4 
2000). 



In spite of the nearby HH shocks, the regions of enhanced 
HCO + emission are found to be quiescent; their temperatures 
are close to 10 K, and their linewidths are narrow (on the order 
of 1 km s" 1 ). These regions are much denser than the typical 
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cloud density, and the observations suggest Fb number densi- 
ties on the order of 10 5 cm -3 . 

The condensations associated with HH objects have also 
been studied in the case of HH 2 in lines of 12 molec- 

in addition to HCO + and 



2002) 



ular species (IGirart et al. 
NH3. These observations confirm that the condensations are 
as dense and cold as indicated by the previous HCO + and 
NH3 observations. This work also made clear that the chem- 
istry o f these condensations is distinc t from that of the ambient 
cloud. Girart. & H atchell (2006) showed that this chemi- 
cal anomaly was shared by at least five other HH o bjects. While 
subsequent and more det ailed studies of HH 2 ( Girart et"ail 
120051 iLefloch et all l2005h showed that the region ahead of the 
shock is more complex than had been previously considered 
and that some dynamical interaction with the HH shock may 
be occurring, nevertheless, significant parts of the condensa- 
tions near HH 2 are confirmed to be quiescent, cold and dense. 

Are the condensations associated with HH objects similar 
to the clumps directly observed by interferometric means in 
L673? If so, then we may regard HH objects as a probe of 
dumpiness in molecular clouds, or at least those regions sur- 
rounding the HH objects. It is therefore important to determine 
the extent of dumpiness as revealed by HH objects. Since ob- 
servations made by many authors over the last three decades 
all confirm that the condensations associated with HH objects 
are strong emitters in HCO + , we use strong HCO + (3-2) emis- 
sion as a signature of a dense clump in the vicinity of an HH 
object. We report here the results of an HCO + (3-2) survey of 
condensations associated with 22 HH objects. The aim of this 
work was to determine a measure of the dumpiness in molec- 
ular clouds containing HH objects. 

In § 2 we describe the HCO + observations made in the 
HH objects, and in § 3 we give the results of the data ob- 
tained. In § 4 we give a brief discussion of dumpiness deduced 
from these observations of HCO + emitting condensations near 
HH objects, and make some conclusions about the nature of 
dumpiness in molecular clouds that contain HH objects. 



2. Observations 

The northern hemisphere observations were carried out with 
the JCMT telescope on Mauna Kea between December 2002 
and August 2003. The JCMT observations were done in typi- 
cal band 4 weather (T230GHZ ~ 0.12-0.2), with the heterodyne 
A3 receiver centred at 267.56 GHz for the HCO + (3-2) line. 
Additional observations of the CH3OH (5„ — 4„) rotational line 
were taken in the position of the strongest HCO + emission for 
HH 29. The full width at half maximum (FWHM) beam size 
is =s 20" for these two lines. As the cold, quiescent regions 
produce narrow linewidths < 1 km s , the minimum band- 
width of 125 MHz was used to produce a velocity resolution 
of ~ 0. 12 km s . This bandwith allows for the detection of the 
two strongest lines of CH3OH (5_i— 4_i, 5o— 4o)- The typical in- 
tegration time was 4 min per offset for the HCO + observations 
and 27 mins per offset for the methanol observations in order to 
obtain a baseline rms of 0.15 K and 0.05 K respectively. Main 
beam efficiency for the HCO + (3-2) line was 0.69. 



The southern hemisphere observations were carried out 
with the SEST on La Silla in January 2003. In the SEST obser- 
vations we used dual receiver capability to observe simultane- 
ously the HCO + (3-2) and the H 13 CO + (1-0) lines. We used an 
integration time of 6 min per offset, which yielded an average 
baseline RMS noise of 0.2 and 0.05 K, at a velocity resolution 
of 0.2 kms 1 , for the HCO + (3-2) and H 13 CO + (1-0) lines, re- 
spectively. The FWHM beam size is 20" and 54" for these 
two lines, respectively. In certain cases, but only if observa- 
tions of HCO + (3-2) were successful, additional simultaneous 
observations of CH3OH (2„-l„) and SO (65-54) were under- 
taken. To reach an average baseline RMS noise of 0.03 K, at 
a velocity resolution of 0.1 km s _1 , required a typical integra- 
tion times of 18 mins per offset. Main beam efficiency for the 
HCO + (3-2),H 13 CO + (1-0), CH3OH (2„-l„) and SO (6 5 -5 4 ) 
lines were 0.42, 0.75, 0.72 and 0.52, respectively. 

A successful detection has been defined as a 3cr detection at 
a velocity resolution of 0.2 km/s, a tentative detection as a sig- 
nal that is above 2cr. The data were processed using 'CLASS' 
from the 'GILDAS' software package. Gaussian fits were at- 
tempted within an appropriate velocity window close to the 
Vlsr of the region. These velocities are typically within 1 km/s 
of the known Vlsr f° r the surrounding cloud from the litera- 
ture. 

The sample was selected according to the following crite- 
ria: (i) in order to avoid emission from dynamically affected 
material, we selected HH objects located at the end of the jet, 
(ii) usually several HH objects are found in the same region 
(e.g. there are 36 known HH objects in NGC 1333); we selected 
one HH object per outflow (except for HH 38 and HH 43), to 
avoid the bias of one region being particularly clumpy with re- 
spect to the norm, (iii) we limited our sample to HH objects 
that are clearly embedded in a dark molecular cloud and, to our 
knowledge, outside obvious star forming regions, (iv) where 
possible, we chose HH objects for which CCD images were 
available from the literature, in order to aid the interpretation 
of the spatial distribution of the emission. The offset positions 
from the HH objects were chosen on the basis of known HCO + 
clumps ahead of well studied HH objects such as HH 2, which 
are usually found at a distances of $ 0. 1 pc downstream of the 
HH object. However it is important to note that clump does not 
have to be directly ahead of the HH object. In any case the di- 
rection and orientation of the jet is often not known with great 
certainty, nevertheless the clump is ahead of the HH object in 
the sense that it has yet to be reached by the jet, and thus has 
not been dynamically effected by the HH object. 

The sources were observed in the HCO + (3-2) line for nu- 
merous offsets around a sample of HH objects. The specific 
offset positions were kept flexible during our observations so 
if emission was seen we would be able to adapt the observ- 
ing procedure to allow us explore this extent of this emission, 
within the constraints of our available time for each source. 

Table 1 shows the list of the HH objects, their position, the 
vlsr of the molecular cloud, the name of the region and its 
distance, the distance between proposed exciting source and 
the HH object, the distance between the HH object and the peak 
emission seen in HCO + (3-2) and finally the suspected exciting 
source of the HH object. 
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Table 1. Source List. JCMT and SEST. General Information. Column (7) lists the distance between the exciting source and the 
HH Object. Column (8) lists the distance between the proposed HH Object and the peak emission of HCO + (3-2) seen. 'N/A' 
indicates that the exciting source is not known and no values can be deduced, whereas a '-' indicates that no HCO + emission 
was seen. 



Object 


RA (J2000) 
(h m s) 


Dec (J2000) 

(° ' ") 


(km s" 1 ) 


Location 


Distance 
(pc) 


Dist. source 
to HH (pc) 


Dist. HH 
to HCO+ (pc) 


Proposed 
Exciting Source" 


HH267 


03 24 03.0 


+31 00 29 


4.5 


L1448 


300 


2.53 


- 


L1448C 


HH268 


03 24 22.1 


+30 48 11 


4.5 


L1448 


300 


1.35 


- 


L1448 IRS1 


HH337A 


03 28 26.3 


+31 25 53 


4.0 


NGC 1333 


300 


0.99 


0.03 


333 star 


HH278 


03 26 59.4 


+30 25 58 


7.0 


L1455/L1448 


300 


2.47 


- 


L1448NB 


HH366 


03 48 29.8 


+32 55 36 


5.0 


Barnard 5 


300 


1.28 


0.01 


B5 IRS 1 


HH427 


03 30 37.7 


+30 21 56 


6.0 


Barnard 1 


300 


N/A 


N/A 


Not known 


HH211 


03 43 56.8 


+32 00 50 


9.2 


IC 348 


300 


0.08 


0.01 


HH211-mm 


HH462 


03 54 05.0 


+38 10 35 


-3.5 


Perseus 


300 


0.01 


0.04 


IRAS 03507+3801 


HH 362A 


04 04 24.1 


+20 20 41 


7.2 


L1489 


140 


0.20 




IRAS 04106+2610 


HH464 


04 10 42.4 


+38 07 39 


-3.5 


LI 473 


350 


0.07 


0.05 


PP 13N 


HH276 


04 22 07.3 


+26 57 26 


6.5 


Taurus-Auriga 


140 


1.80 




IRAS 04189+2650 


HH29 


04 31 27.6 


+ 18 06 24 


6.6 


L1551 


140 


0.11 


0.01 


L1551 IRS 5 


HH240 


05 19 40.7 


-05 51 44 


8.5 


LI 634 


460 


0.28 


0.11 


IRAS 05173-0555 


HH43 


05 38 10.4 


-07 09 25 


8.5 


L1641 


460 


0.57 


0.17 


IRAS 05355-0709C 


HH38 


05 38 21.8 


-07 1 1 38 


8.5 


L1641 


460 


1.06 


0.07 


IRAS 05355-0709C 


HH272 


06 12 48.4 


-06 11 21 


11.0 


LI 646 


830 


0.46 


0.08 


IRAS 06103-0612 


HH47C 


08 25 33.0 


-51 01 37 


6.0 


Gum Nebula 


450 


0.26 




HH 46/47 IRS 


HH75 


09 11 38.5 


-45 42 28 


-0.9 


Gum Nebula 


450 






IRAS 09094-4522 


HH49 


11 06 00.1 


-77 33 36 


5.3 


Chal 


160 


2.69 




Cha-MMSl 


HH 52-53 


12 55 06.4 


-76 57 46 


4.0 


Chall 


165 


1.39 




IRAS 12496-7650 


HH54 


12 55 49.5 


-76 56 08 


4.0 


Cha II 


165 


1.90 




IRAS 12496-7650 


HH77 


15 00 49.0 


-63 07 46 


-5.0 


Circinus 


700 


0.63 


0.06 


IRAS 14564-6254 



Referenc es: HH29:lMoriartv-Schieven etai] d2006h: HH38- 43: IStanke et alJ |200Ch: HH49 : iReipurth. Nvman. & Chinil dl996h: HH52-53 
& HH 54: lKnee1 ( ll992l): HH47:|Sahu. Sahu & Pottaschl Jl989h: HH75 & HH77: lcoher](ll990[) ; HH21 1: lMcCaughrean. Ravner. & ZinneckeJ 
dl994h : HH240: IPavis etalJ dl997l); HH267: iBallv et all dl997l); HH268: lEisloffel d2000h : HH272 : ICarballo & Eiroal d 19921) : 
HH276: IWu et al.l fc002l): HH 278: lEisloffell fcOOCh: HH 337A: IBallv. Devine. & Reipurtti dl996h: H H362: lAlten et alJ dl997l) : HH366: 
IBallv. Devine. & Alien! dl99^ : HH427: lYan et al.Ul998h : HH462 & HH464: lAspin & Reipurthl feOQcl) 



3. Results 

In total, we observed 12 northern hemisphere objects with the 
JCMT and a further 10 southern hemisphere sources with the 
SEST (see Table Q] for details). In this section we will briefly 
describe our source sample and report our detections, if any, 
for each source, before analysing the emission seen. Figures 
1 to 12 show the HCO + (3-2) spectra (and H 13 CO + for the 
SEST sample) of the sources with detected emission. Figure[T3l 
shows detections of the CH3OH (2„-l„) line. No detections 
were made in the SO line. 



3.1. Details of sources 

HH 29: A bright bow shock situated in the large outflow 
0.11 p c from the binary, L1551 IRS 5 first seen by Herbig 
(119741) . More recent observations have identified a second out- 
flow from neighbouring LI 55 1 NE with the same orientation as 
the IRS 5 flow and which is easily confused with the original 
flow. Because of this, it is unknown which source is power- 
ing HH 29, although it is now more commonly thought to be 
LI 551 NE due to deep na rrow band images and proper m otion 
measurements of HH 29 (Moriartv-Sc hieven et al. , 2006). The 
HCO + (3-2) line is detected in all the three offsets (Figure [TJ. 



Fig. 1. Spectra of the HCO + (3-2) emission HH 29, observed 
with JCMT. The horizontal and vertical axes shows the offset 
position (with respect to the HH object) of the observed spec- 
tra. The temperature scale for the spectra is the same for all the 
figures showing the HCO + (3-2), ranging from T m \, = —1.0 
to 2.0 K. The HCO + spectra have a velocity resolution of 
0.18 km s _1 . These spectra have the same velocity range, with 
a width of 16 k ms _I centered at the systemic velocity of 
the molecular cloud (this also applies for the H 13 CO + spectra 
shown in other figures). The triangle marks the position of the 
HH object. 



This yields to a lower limits for the emission scale of about 
0.04 pc. 
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Fig. 2. Spectra of the HCO + (3-2) (top) and H 13 CO + (1-0) 
emission (bottom) ahead of HH 38, observed with SEST. The 
temperature scale is the same for all the figures showing the 
H 13 CO + spectra, ranging from T mb = -0.5 to 1.0 K. The 
H 13 CO + spectra have a velocity resolution of 0. 15 km s . The 
arrow shows the direction of the outflow and the triangle marks 
the position of the HH object. 



HH 38 & HH 43: Discovered by lHarol dl953l) . both are 
part of the same HH flow driven by IRAS 05355-0709C, 
also known as HH 43 MMS1, which also powers HH 64 
( Stank e et al. , 2000). ] ffl 43 is closer to the source with a pro- 
jected distance of 0.57 pc, whilst the terminating object, HH 38, 
is a further 0.5 pc downstream. We detect HCO + (3-2) in both 
HH 38 and HH 43, in a single position, suggesting a compact 
emitting region. However, the detection towards HH 43 is 47" 
south (0. 1 pc) of knots E and F. 

HH 47C: Along with HH 46, HH 47 is a large, well colli- 
mated bipolar outflow embedded in the Bok globule ESO 210- 
6A. Unlike the brighter HH 47A and the older and larger 
HH 47D, HH 47C is powered by a faint counter-jet and is lo- 



cated approxi mately 0.26 pc fro m the central source. It was first 
discovered by Schwartzl ( 1977 ). We report no detections in the 
eleven positions observed. 



HH 49: Discovered bv lSchwarta d 19771) and along with its 
close companion HH 50, they are the brightest shocks in the 
Cha I cloud. Located south of the reflection nebula Ced 110, 
they trace a large bow flowing out from that regi on. The ob- 
servati ons of lReipurth. Nyman. & Chinl (l 996) and Ballv et al 



(2006) indicate that Cha-MMS 1 is the driving source - located 
0.47 pc upstream from HH 49. We report no detection in any 
of the 22 observed positions. 

HH 52-53 & HH 54: Again first identified by ISchwartz 
these sources seem to form a chain heading in 
east direction as part of a bow shock driv en by 



(Il977h . 
a north 



Knee 



IRAS 12496-7650 (0.67 pc southwest). However, 
d 19921) proposed that HH 52-53 and HH 54 are indepen- 
dent HH objects and that they are powered by closer exciting 
source. HH 54 is spatially coincident with a weak IR source, 
IRAS 12522-7640, which has also associated a monopolar, 
blueshifted outflow. HH 52-53 is possibly powered by an- 
other weak IR source, IRAS 12522-7641. We found no HCO + 
around these HH objects. 

HH 75: This is a complex chain of knots located at the 
southern edge of the irregul ar cloud SI 14 . Observations of as- 
sociated nebulous stars by iHerbstl d 19751) indi cate the close r 



Gum Nebula is the host to the objects - as such lCohen (1990), 
put forward IRAS 09094-4522 as the source located 1.1 pc 
away. No emission was detected. 



HH 77: First identified by lReipurth & Grahaml dl988l) . this 
is a sm all curved obje ct near several possible powering IRAS 
sources. lCohenldl990l) put forward IRAS 14564-6254 (located 
0.4 pc to the WNW) as the powering source due a streamer 
connecting the two objects. Interestingly the orientation of the 
bow-shock puts the source in the opposite direction to the IRAS 
source. This implies that the flow may be colliding with dense 
clum ps and is in the process of flowing around it dSchwartz , 
19781) . There are 4 detections (> 3 cr) in the HCO + 3-2 line 
that are clearly detected in the H 13 CO + 1-0 

HH 277: D iscove red by 

McCaughrean. Rayner. & Zinneckerl d 19941) . HH 211 fea- 
tures a relatively small but highly collimated, bipolar jet 
(0.16 pc long), seen in molecular hydrogen (IR), and a 
molecular outflow, both powered by a cold sub-mm source. 
For HH 211, HCO + (3-2) emission was seen in each position 
observed (although falling in intensity with distance from the 
bow shock) - as such, emission will extend outside the region 
observed, so we calculate a minimum si ze of 0. 1 pc. 

HH 240: First seen bv lCohenl dl980b under the name RNO 
40, it is a chai n of H H k nots with a bright central core. 



Hodaprj_&Ladd (1995) and iDavis et alJ d 19971) infrared H 2 



observations indicate that HH 240 forms a highly symmet- 
ric bipolar outflow with the much fainter HH 241, placing 
IRAS 05173-0555 as the source 0.28 pc away. HH 240 ap- 
pears to have a relatively small clump in HCO + (3-2) of ap- 
proximately 0.07 pc in length. 



HH 267: First discovered by iBally et alJ (119971) . HH 267 
is an extended cluster of knots. L1448C is the likely source of 
HH 267, as it lies on the axis of its outflow and because the 
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Fig. 3. SEST spectra of the HCO + (3-2) and H 13 CO + (1-0) ahead of HH43. The position offsets are with respect to the brightest 
knot in HH 43. 
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Fig. 4. Spectra of the HCO + (3-2) (top) and H 13 CO + (1-0) 
(bottom) emission east of HH 77, observed with SEST. 



terminal velocity of this outflow is consistent with the velocity 
of HH 267. The outflow from L1448C is believed to be 0.7 1 pc 
long, whilst if it powers HH 267 this extends the flow to a total 
length of 2.5 pc. We report no detections for this source. 






Fig. 5. Spectra of the HCO + (3-2) emission west of HH 211, 
observed with the JCMT. 



HH 268: Again discovered bv lBallv et all dl997l) . HH 268 
is a series of faint k nots located 1.3 5 pc from the powering 
source L1448 IRS 1 dEisloffell feoOO). We report no detections 
for this source. 



HH 272: ICarballo & Eiroal (11992) discovered this chain of 
1 1 knots located near the reflection nebula GGD 17 in the Mon 
R2 Region. HH 272 is 0.72 pc to the north from its power- 
ing source IRAS 06103-0612 (also known as Bretz 4). We ob- 
served a 0.24 pc by 0.24 pc region surrounding knots I and H. 
The H 13 CO + line is detected in several positions, but the HCO + 
line is detected in three positions. The emission seen to the SW 
is 0. 18 pc from the emission seen close to the HH object and so 
may be tracing another unrelated clump or extended emission. 
HH 276: Originally discovered by lEisloffel & Mundt 



(1998), it is a series of 4 knots (A to D) that are perpendic- 
ular to the far larger Tau B outflow. It is centered roughly 60" 
(0.04 pc) northeast of FS Tau B, with no known exciting source. 
The knot s broaden to the SE implying the source is NW of 
HH 276. IWu et al.1 d2002h put forward IRAS 04189+2650 as 
the powering source, 1.8 pc away. We obtained no detections 
for this source. 
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Fig. 6. Spectra of the HCO + (3-2) (top) and H 13 CO + (1-0) 
emission (bottom) ahead of HH 240, observed with SEST. 
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Fig. 7. Spectra of the HCO + (3-2) (top) and H I3 CO + (1-0) 
emission (bottom) ahead of HH 272, observed with SEST. 



HH 278: this is a l arge diffuse object , consisting of at least 
3 knots. First seen by iBallv et al. (1997), it is located roughly 
equidistant from L1448 and L1455. The exciting source has 
not been confir med - although the outflow from L1448-N(B) 
(Eisl6ffel,2000) is the most likely source as the HH 278 and the 
outflow are aligned - despite the large 2.47 pc distance between 
them. No detections were made. 

HH 337 'A: This is an HH extended in the north- 
south about 6' west of the HH 333 jet in NGC 1333 



(Ball y, Devine. & Reipurfhl I1996I) . HH 337A may be part of 
this HH system, in which case the exciting source would be 
the 333 star, but this remains to be confirmed. Of the six posi- 
tions observed, only one shows emission, which appears to be 
located ahead of the HH 337, if this object belongs to the HH 
333 jet (Fig. [8]). Thus, HH 337 is a good candidate for compact 
emission. 



HH 362A: First presented in lAlten et alJ (119971) . One of a 
pair of faint diffuse HH objects in the L1489 cloud, located 
0.2 pc from IRAS 04106+2610. No detections were made. 



AS (") ■ 



HC0 + 3-2 














20 Aa (") -20 

Fig. 8. JCMT Spectra of the HCO + (3-2) emission surround- 
ing HH 337 A. The arrow line shows the tentative exciting 
source suggested by iBally. Devine. & Reipurfhl (119961) . (Note: 
HH 337A should not b e confused with HH 337 discovered by 
Noriega-Crespol (12002b . which is associated with the Cep E 
molecular). 
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Fig. 9. JCMT Spectra of the HCO + (3-2) emission toward 
HH 366. 



HCO + 3-2 

















Fig. 10. JCMT Spectra of the HCO + (3-2) emission surround- 
ing HH 427. The arrow marks the location of the nearest possi- 
ble so urce, IRAS 0327 1+3013, though it unlikely to be respon- 
sible dYanet al.L[l998h . 



HH 366: Driven by the protostar B5-IRS 1 in the parent 
dark cloud Barnar d 5, HH 366 is a parsec scal e bipolar out- 



1996b . It is 2.2 pc 



flow discovered by Ball y. Devine. & Altenl ( 
in length at a distance of 350 pc. HH 366 shows emission in 
HCO + 3-2 in the only position observed. We observed ahead 
of knot E2 



HH427: this object was first presented bv lYan et al.1 (11998) 
and it is located in the Barnard 1 Dark Cloud. The closest 
source is IRAS 03271+3013, however its bipolar outflow ex- 
tends from the NE to SW whilst HH 427 is located 0.08 pc SE 
of the YSO. As such, and with no other likely sources, the ex- 
citing source remains unknown. The HCO + is detected in three 
positions around HH 427 (Fig. [Tot , with the three positions 
west to HH 427 showing no emission. The lower limit for the 
size of the HCO + emission is about 0.05 pc. Assuming that the 
HCO + is ahead of HH 427, then Figure [10] suggests that the 
exciting source should be located roughly north or west of HH 
427. 

HH 462: Discovered by lAspin & Reipurthl d2000b . it is a 
small outflow along the symmetry axis of cometary nebulae 
PP 11 and illuminated by the embedded IRAS 03507+3801 
source just 0.01 pc distant. HH 462 shows emission in HCO + 
(3-2) extending north and east of the HH object, spatially coin- 
cident with the center of the optical nebulosity where the YSO 
is embedded. All emission seen has a double peaked structure. 



AS (") 




20 AO (") 



Fig. 11. JCMT Spectra of the HCO + (3-2) emission surround- 
ing HH 462. 




M (") 





20 




to (") 



H 

-20 



Fig. 12. JCMT Spectra of the HCO + 3-2 emission surrounding 
HH 464. 



All these indicate that the emission may be tracing the dense 
circumst ellar envelope around t he known embedded Class I 
source ( lAspin & Reipurth , 2000). As such it has been excluded 

from the results presented. 

HH 464: Discovered bv lAspin & Reipurthl d2000h . HH 464 
is made up of a curved chain of 5 HH knots It appears to be 
powered by the T Tauri star PP 13N, as the chain is roughly 
perpendicular to the expected outflow from PP 13S, which is 
responsible for the nearby HH 463. We observed downstream 
of knot E, which is 0.07 pc (40") south from PP 13N. We find 
emission extending over a region of 0. 1 by 0. 1 pc, strong HCO + 
(3-2) lines are seen in every offset, this only defines the min- 
imum size of the region to be 0.14 pc. Interestingly, the two 
strongest lines are separated by 0.07 pc, with weaker emission 
seen in the other offsets. 



3.2. Survey results 

Table|2]details the HCO + (3-2) results for all sources. Column 
2 lists for each source, the total number of offsets in which 
emission was observed in the region surrounding the HH ob- 
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Table 3. H 13 CO + (1-0) survey results from SEST. 




-5 5 10 
Velocity (km/s) 



-5 5 10 
Velocity (km/s) 



5 10 15 
Velocity (km/s) 



Fig. 13. Spectra of the CH 3 OH (2„-l„) ahead of HH 43, HH 38 
and HH 272, observed with SEST. The offset positions for 
these spectra are (0",-50"), (0",10") and (0",0"), respectively. 

Table 2. HCO + (3-2) survey results from both the JCMT and 
SEST 



Object 


Positions" 


Area" 


Tmb 


AV 




Obs 


Det 


(pc 2 ) 


(K) 


(km s- 1 ) 


HH29 


3 


3 


4.3 x irr 4 


0.6±0.1 


1.8+0.2 


HH38 


11 


1 


1.7 x icr 2 


1.2±0.3 


0.9+0.2 


HH 43 


4 


1 


6.3 x icr 3 


0.6±0.2 


0.7+0.2 


HH47C 


11 





1.7 x icr 2 


< 1.4 




HH49 


22 





4.2 x icr 3 


< 0.6 




HH 52-53 


9 





1.8 x icr 3 


< 2.4 




HH54 


12 





2.4 x 1(T 3 


< 0.7 




HH75 


9 





1.4 x 10- 2 


< 0.8 




HH77 


9 


4 


3.3 x 1(T 2 


1.1+0.3 


1.6+0.2 


HH211 


6 


6 


4.0 x 10~ 3 


1.2+0.1 


1.4+0.1 


HH 240 


11 


3 


1.7 x 10~ 2 


1.4+0.3 


0.6+0.1 


HH 267 


6 





4.0 x 10~ 3 


<0.38 




HH 268 


3 





2.0 x 10~ 3 


<0.56 




HH 272 


9 


3 


4.6 x 10~ 2 


1.1 ±0.4 


0.8+0.3 


HH 276 


6 





8.7 x 10~ 4 


<0.53 




HH278 


6 





4.0 x 10~ 3 


<0.43 




HH 337A 


6 


1 


4.0 x 10~ 3 


0.5+0.2 


0.5+0.1 


HH 362A 


6 





8.7 x 10~ 4 


<0.46 




HH 366 


1 


1 


6.7 x 10- 4 


0.5+0.1 


0.3+0.1 


HH 427 


6 


3 


4.0 x 10- 3 


0.9+0.1 


0.9+0.1 


HH 462 


5 


4 


3.3 x 10~ 3 


2.0+0.2 


1.0+0.1 


HH 464 


8 


8 


7.2 x 10~ 3 


1.1+0.1 


1.2+0.1 



" Obs: n° of positions observed, Det: n° of positions with > 3<x 
detections. 

* The area covered by the observations around the HH object 



ject. Column 3 lists the number of offsets in which emission 
was seen. Column 4 indicates the total area we mapped for 
emission. A full mapping of the suspected region for each 
source was not possible due to time constraints and the dif- 
fering area on the sky covered by the 20" beam for sources at 
different distances. In addition as the orientation of the exciting 
source and the direction of both the outflow and the UV illu- 
mination are not known with certainty, and as such the region 
being observed is not always located exactly ahead of the HH 
object. The remaining columns list the peak main beam tem- 
perature (5) and the half-power line width (6). The SEST ob- 
servation of H 13 CO + (1-0) is similarly detailed in Table|3] For 
non-detections, upper limits on the line intensities are given by 



Object 


Positions" 




AV 




Obs 


Det 


(K) 


(km s ') 


HH 38 


11 


3 


0.28+0.05 


0.9+0.1 


HH 43 


4 


1 


0.21+0.04 


0.6+0.1 


HH47C 


11 





< 0.23 




HH49 


22 





< 0.19 




HH 52-53 


9 





< 0.26 




HH54 


12 





< 0.22 




HH 75 


9 





< 0.17 




HH77* 


9 


4 


0.34+0.04 


1.2+0.1 


HH240 


11 


10 


0.45+0.06 


0.6+0.1 


HH 272 


9 


5 


0.33+0.06 


0.8+0.1 



" Obs: n° of positions observed, Det: n° of positions with > 3tr 
detections. 

b HH 77 has an additional weak, 2 a detections, in other two posi- 
tions. 



7(HCO + ) < 3<x m b where <r m \, is the main beam RMS noise of 
the spectrum. 

Eleven out of the twenty one objects surveyed (exclud- 
ing HH 462 which seems to show emission from the dense 
circumstellar envelope around the exciting YSO), 52%, had 
HCO + (3-2) emission observed in at least one offset from the 
Herbig-Haro object. The HH objects observed were situated 
between 0.07 and 2.7 pc (projected distances) from their pow- 
ering sources. The HCO + (3-2) emission associated with the 
dense circumstellar envelope around low m ass protostars arises 
from a region of ~ 0.02 pc in diameter (lHogerheiide et al 



119971) . Thus, we do not expect to be contaminated from the 
circumstellar molecular component. Of the sample no source 
further than 1 pc away from its powering source produced 
emission in the surrounding areas. The quiescent region we ob- 
served was typically between 0.01-0.07 pc from the HH object. 
The size of the emitting regions has been estimated from the 
number of offset positions that see emission (with a beam size 
of 20" for HCO + (3-2)), although it is extremely important to 
note that emission may extend beyond the regions mapped, as 
in a number of cases emission is seen up to the edge of the 
observed region. Five of the regions with several positions ob- 
served show detection in only few positions (HH 38, HH 43, 
HH 240 and HH 337). This suggests that the emission comes 
from compact clumps, probably with diameter between ~ 0.03 
to 0.07 pc. In HH 77 and HH 427 there is some evidence that 
the emission may be also compact (about half of the positions 
observed had HCO + emission). HH 211 and HH 464 show 
emission in all the positions observed, implying an emission 
scale of ~ 0. 1 pc or larger. For the SEST observations, if HCO + 
(3-2) was seen, then in all cases H 13 CO + (1-0) was also seen. 
In HH 240 and HH 38 the H 13 CO + (1-0) emission is more ex- 
tended than the HCO + (3-2) line. Because of the lower critical 
density for the lower J rotational transition, this is an indication 
that the H 13 CO + line is tracing lower density gas. 
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Fig. 14. Top panel: Plot of the set of RADEX solutions in the 
Af(HCO + )-n(H2 ) plane for HH 38 assuming a kinetic temper- 
ature of 10 K and a Gaussian source with a FWHM of 30" or 
0.07 pc. The dotted-dashed lines show the range of solutions 
for the observed intensity of the HCO + 3-2 line (including the 
uncertainties and taking into account the filling factor for the 
assumed size). The dashed lines shows the solutions for the 
H 13 CO + 1-0 line. The grey area is the range of solutions for 
the observed line ratio for these two lines. The solid line shows 
the range of solutions for equationQ] for an HCO + abundance 
in the 2 to 5 x 10~ 9 range. Bottom panel: Similar to the top panel 
but for an observed intensity of 0.5 and 0.2 K for the HCO + 3- 
2 and H 13 CO + 1-0 line, respectively. Higher values of the line 
intensities should appear above these lines. 



4. Discussion and conclusions 

4.1. The origin of the emission 

The targets with detected HCO + (3-2) emission have sizes of 
about 5= 0. 1 pc, except for those where the coverage was not 
enough to constrain the size (see previous section). However, 
this alone is not enough to state that the emission is coming 
from dense and small clumps or condensations within the dark 



molecular cloud. In order to investigate if this is the case, we 
derived the density of the molecular gas traced by the HCO + 
for HH 38, a region where we have the two isotopologues and 
that shows compact emission. The gas volume density can be 
estimated in the following way: 



n(H 2 ) 



jV(HCO + ) 1_ 
X(HCO + ) V 



(1) 



where L is the scale length of the emission, and A^(HCO + ) and 
X(HCO + ) are the average values for the clump of the HCO + 
column density and the HCO + abundance relative to H2, re- 
spectively. We adopt a length scale of L — 0.07 pc, which is 
roughly the diameter found for the HCO + (3-2) emission in 
HH 38. We adopt an HCO + abundance from 2 to 5 x 10~ 9 , val- 



ues s i milar to those found in other H H objects (Gir art et al 
12005b IViti, Girart. & HatcheUi 120061) . We used the RADEX 
code (Ivan der Tak et al 1 12007b . a non-LTE molecular radiative 
transfer in an isothermal homogeneous medium, to derive the 
HCO + (3-2) and H 13 CO + (1-0) line intensities for a kinetic 
temperature of 10 K and for the adopted length scale (to include 
the filling factor correction in the derived RADEX intensities). 
As shown in Figure [14] the observed line intensities of HH 38 
can be accounted for densities roughly near 10 5 cm 4 . In addi- 
tion, if we consider that the detection threshold of our obser- 
vations are 0.5 K and 0.2 for the HCO + (3-2) and H 13 CO + 
(1-0), respectively, then for the same aforementioned condi- 
tions, the density of the detected emission should be higher than 
n(H 2 ) > 3 x 10 4 cm" 3 (see FigE). 

In any case, the lower limit derived for the volume den- 
sity is clearly higher than the average d ensity in molecular dark 



clouds, expected to be ~ 10 cm 3 (e.g. lLoehr et al.l d2007)). In 



addition, it should be noted that for most of the detections, the 
emission is quite far from the powering source of the HH ob- 
ject, so the contribution of the dense core around the YSO to 
the derived volume density is negligible. We conclude there- 
fore that the bulk of the observed emission is indeed arising 
from small, compact, dense clumps with a minimum density of 
3 x 10 4 cm- 3 . 

4.2. Estimation of dumpiness 

It may be possible, at least in principle, to make an estimate 
of the dumpiness of molecular clouds from observations of 
HCO + emission in the vicinity of Herbig-Haro objects. Here, 
we indicate one method by which this estimate might be made. 
Of course, there are several caveats that must be accepted in 
attempting to do this. Firstly, the observed HCO + emission 
may be misleading in the sense that molecular clouds may con- 
tain filamentary or sheet-like structures that only appear to be 
clumpy because of their morphology; in such a case, the clumps 
may have no real significance. Secondly, the high-density emit- 
ting gas described in this paper may not be representative of the 
entire cloud, but only of a small region close to the HH object. 

At present, there is rather limited evidence from high spa- 
tial resolution studies of the structure of molecular clouds. 
Mor ata. Girart. & Estalellal ( 2003 , 2005 ) made interferometric 
molecular line observations of a restricted region (about 0.7 pc 
X 0.7 pc) of the molecular cloud L673. When combined with 
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single-dish observations of the same region, the observations 
indicated that this limited region is populated by 15 resolved 
and distinct clumps of diameters less than about 0. 1 pc and with 
gas number densities larger than 1 x 10 4 cirT 3 . The clumps are 
transient and sho w evidence of time-depe ndent chemistry. Peng 
et al. (1998) and iTakakuwa et aL (2003) found similar results 
for a region of the molecular cloud TMC-1. 

These observations are limited to small regions of molecu- 
lar clouds. As discussed in Section 1, there is, however, indirect 
evidence that suppor ts the idea that clu mps may be widespread 
in molecular clouds dGarrod et al. . l2006h . 



Even if subsequent observations show that clumps are con- 
fined to restricted regions of molecular clouds, the distribution 
of matter in those regions is of interest, since the denser parts 
of the gas have the potential for low-mass star formation. We 
now proceed to make estimates of dumpiness on the assump- 
tion that discrete transient clumps are present in the vicinity of 
an HH object that is accompanied by HCO + emission. Whether 
or not the inferred measures of dumpiness should be applied to 
the entire cloud, in each case, will depend on the outcome of 
future interferometric observations of molecular clouds. 

From our survey, one can derive a very rough statistical 
measure of dumpiness by considering the number of HCO + 
detections: the first consideration to make is that of the 21 ob- 
jects observed (excluding HH 462) we had a positive detection 
in at least one position for ~ 50% of the objects implying that, 
roughly, one in two HH objects is moving through a clumpy 
medium. Note that our survey probably did not cover all the 
regions that may emit strong HCO + for each object, hence this 
estimate may in fact be a lower limit. 

Tavlor & Williams (1996) suggested that an estimate of the 



mean linear separation between clumps detected near HH ob- 
jects is given by 



cm 



= 10 1 



30kms 



100 yrs 



0.1 



(2) 



where v is the velocity of the HH object, t is the duration of 
the anomalous emission from the irradiated clump, and / is the 
fraction of jets that have these clumps associated with them. 
For present purposes we adopt equation (2). The value of t is 
unconstrained in equation (2). We make a crude estimate of 
t by arguing that it is the time for the HH object to travel a 
distance equivalent to the clump diameter. For the clump size 
of ~ 0.07 pc as measured for HH 38 (see Section 4.1) and for 
the canonical velocity in equation (2) this gives a value of t of 
roughly 2xl0 3 yrs, that is consistent with a detailed dynamical 
study of the time evolution of clump chemistry (Christie et al. 
submitted). With t — 2r/ v, then equation (2) gives I = 2r/f. For 
the clump diameter of HH 38, I is then 0.14pc. An estimate of 
the area filling factor, /a, is (r/[) 2 , i.e. (f/2) 2 . with / = 0.5, then 
/a = 6% for this example. Of course, this estimate is uncertain, 
but it is clear that an estimate can be made along these lines. 
An estimate of /a from the observational data of Morata et al. 
(2005) suggests that f A in L673 should be about 30%. 



4.3. Conclusions 

We have performed a large scale survey of HCO + (3-2) ahead 
of a sample of 22 sources, where no previous HCO + emission 
had been seen. Ten sources showed emission in HCO + (3-2) 
and when H 13 CO + (1-0) observations were possible emission 
was also always seen. These clumps have velocities in line 
with the Vlsr of the cloud, narrow linewidths of $ 1 km s _1 
and hence they seem dynamically unaffected by the jet. The 
gas number densities of these clumps are close to 2 orders of 
magnitude higher than the mean density of molecular clouds 
(n(H2) ~ 10 5 cirT 3 for the case of the HH 38 region); this im- 
plies that these clouds may be highly heterogeneous at scales 
of less than 0.1 pc. 

Our attempt at studying dumpiness by the use of HCO + 
demonstrates that it is possible, in principle, to use Herbig- 
Haro objects as probes of dumpiness in molecular clouds. 
Ultimately, future combined mm (mainly 3 mm) interfero- 
metric and single dish observations at relatively large scales 
with high sensitivity are required to fully determine the mass 
spectrum of the clumps, in a similar way of the work done 
by Morata et al. (2005). While we do not here attempt any 
explanation for the origin of molecu l ar d umpiness, if slow- 
mode MHD waves dFalle & HartauistL [20021) and MHD turbu- 
lence dBallesteros-Paredes et all 120071) are responsible for this 
highly heterogeneous medium, this mechanism should be such 
that within the clumps the non thermal linewidth is of the order 
or less than 1 km s _1 . 

Our conclusions regarding measures of dumpiness should 
be qualified by the following remarks. The detection of en- 
hanced HCO + emission close to the HH object enables us to 
estimate dumpiness only in the regions where high density gas 
is present, and may not represent the dumpiness throughout the 
cloud. Other observational approaches (e.g. Morata et al. 2003, 
2005; Peng et al. 1998) detect dumpiness, but their studies are 
also of relatively small regions of molecular clouds. We cannot, 
therefore, conclude that the dumpiness estimate we have made 
is applicable to the entire molecular cloud. However, we note 
a modelling approach (Garrod et al. 2006) suggests that the 
dumpiness should be found throughout the molecular cloud. 

Finally, it is implicit throughout this work that the clumpy 
structure is of essentially discrete parcels of relatively dense 
gas. This may not be the case; it is possible that the denser gas 
is in filaments rather than discrete clumps. The highest resolu- 
tion maps of molecular clouds available (Morata et al. 2005 for 
L673) do seem to suggest separate structures, but of course un- 
resolved material may also be present. Our assumption of dis- 
crete clumps is, therefore, plausible, but our estimates would 
have to revised if further evidence supports the filamentary na- 
ture of cloud structure. 
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